Although a genetic component is known to have an important role in the etiology of developmental dyslexia (DD), we are far from understanding the molecular etiopathogenetic pathways. Reduced measures of neurobiological functioning related to reading (dis)ability, i.e. endophenotypes (EPs), are promising targets for gene finding and the elucidation of the underlying mechanisms. In a sample of 100 nuclear families with DD (229 offspring) and 83 unrelated typical readers, we tested whether a set of well-established, cognitive phenotypes related to DD [i.e. rapid auditory processing (RAP), rapid automatized naming (RAN), multisensory nonspatial attention and visual motion processing] fulfilled the criteria of the EP construct. Visual motion and RAP satisfied all testable criteria (i.e. they are heritable, associate with the disorder, co-segregate with the disorder within a family and represent reproducible measures) and are therefore solid EPs of DD. Multisensory nonspatial attention satisfied three of four criteria (i.e. it associates with the disorder, co-segregates with the disorder within a family and represents a reproducible measure) and is therefore a potential EP for DD. Rapid automatized naming is heritable but does not meet other criteria of the EP construct. We provide the first evidence of a methodologically and statistically sound approach for identifying EPs for DD to be exploited as a solid alternative basis to clinical phenotypes in neuroscience.
Developmental dyslexia (DD) is a complex heritable neurodevelopmental disorder characterized by impaired reading acquisition, in spite of adequate neurological and sensorial functioning, educational opportunities, and average intelligence (American Psychiatric Association 2013). About 5-12% of individuals are affected by this disorder, which is often associated with undesirable psychosocial outcomes (Peterson & Pennington 2015) .
To be a successful reader, one must rapidly integrate a vast circuit of brain areas with both great accuracy and remarkable speed. Because reading involves multiple cognitive and sensorial processes, it is probable that a widely variable pattern of weaknesses may contribute to the reading difficulty across individuals (Pennington 2006) . Some well-studied cognitive deficits have been identified as causative for DD (Norton et al. 2015) . Deficits in phonological awareness (PA) are associated with DD and may have a causal role in DD (Castles & Coltheart 2004) .
Other authors have investigated deficits in underlying sensory mechanisms as potentially causing DD (Hari & Renvall 2001) . According to the rapid temporal processing hypothesis (Tallal 1980) , rapid auditory processing (RAP) deficits of both speech and nonspeech stimuli have been consistently reported in DD (Hamalainen et al. 2013; Hornickel & Kraus 2013; Vandermosten et al. 2010 ) and in at-risk infants and toddlers (Molfese 2000; Leppanen et al., 2010; van der Leij et al. 2013) , suggesting that auditory deficits could be causally linked to DD (Clark et al. 2014) . A deficit in RAP could impair the fine sound speech discrimination which is necessary to the adequate acquisition of reading skills (Tallal 1980 (Tallal , 2004 .
Rapid automatized naming (RAN) has been consistently reported as a deficit associated with DD and a reliable early indicator of risk for further reading difficulties across all-known orthographies (Lervåg & Hulme 2010; Norton & Wolf 2012) . Impairments in RAN could affect the reading acquisition as it is crucial for an accurate multisensory integration which is involved in the grapheme-to-phoneme mapping (Norton & Wolf 2012) .
Notably, visual and auditory attention deficits have been repeatedly described in DD and have a causative role in DD (Franceschini et al. , 2013 Lallier et al. 2013; Plaza & Cohen 2007; Vidyasagar & Pammer 2010) . Converging evidence suggests that such attention deficits could specifically impair the sublexical processing in DD by affecting both the graphemic parsing (Cestnick & Coltheart 1999; Facoetti et al. 2006 Facoetti et al. , 2010 Hari & Renvall 2001 ) and the rapid engagement of attention (Facoetti et al. 2005; Francis et al. 2008; Gordon et al. 1993; Renvall & Hari 2002; Toro et al. 2005) , which are crucial for the phonemic and graphemic perception and the segmentation of words. Thus, independently from phonological skills, visual and auditory attention plays a critical role in the basic letter-to-speech sound integration during letter string processing (Facoetti 2012; Gori & Facoetti 2014; Vidyasagar & Pammer 2010) . Interestingly, a multisensory sluggish attention shift (SAS) has been consistently reported in children with DD (Hari & Renvall 2001) .
Finally, several data showed that subjects with DD present visual motion perception deficit (Cornelissen et al. 1995; Gori & Facoetti 2014 Stein 2014) . Similarly, pre-readers at risk for DD have problems with motion perception tasks (Kevan & Pammer 2009; Boets et al. 2011; Gori et al., 2016a,b) . Visual motion perception is the process of inferring the speed and direction of elements in a scene based on visual inputs (Albright & Stoner, 1995) . These findings support the magnocellular-dorsal (M-D) theory of DD, which represents a dominant, albeit controversial account (Livingstone et al. 1991; Stein & Walsh 1997 ; for a recent review see Stein 2014) . Consistent with the M-D theory of DD, individuals with DD show poor performance on tasks preferentially associated with the M-D pathway, while performing similarly to the normal readers on tasks related to the parvocellular-ventral pathway (Stein 2014) . A causal link between the M-D pathway deficits and reading difficulties has been recently showed (Gori et al., 2016a,b) . Reading depends on accurate visual analysis of the stimulus prior to the complex integration of orthographic and phonological information. The M-D pathway provides a mechanism for the early identification and selection of relevant regions in the space to be then passed onto the ventral pathway (Vidyasagar 1998) . In other words, the M-D pathway guides the ventral pathway. Thus, a deficit the M-D pathway function can have a cascade effect on all the successive cognitive processes.
Following earlier descriptions of high familial aggregation of the disorder (Hallgren 1950) , substantial heritability has been reported for DD (Plomin & Kovas 2005) and, as expected for a complex heritable disorder with heterogeneous genotype-phenotype association patterns, several risk genes have been identified (for reviews see Scerri & Schulte-Korne, 2010; Kere 2014; Bishop 2015; Peterson & Pennington 2015; Mascheretti et al. 2017) . Among all these genes, nine DD-candidate genes have been replicated in at least one independent sample: DYX1C1, DCDC2, KIAA0319, C2ORF3, MRPL19, ROBO1, GRIN2B, FOXP2 and CNTNAP2 (for a recent review see Mascheretti et al. 2017) .
Interestingly, initial evidence about associations between DD-candidate risk loci and genes and PA, RAP, RAN, attention and visual motion processing, have been provided. Following early observations of familial aggregation of phonological disorders (Lewis et al. 1989) , PA showed substantial heritability (Plomin & Kovas 2005) , was consistently linked to DD-related susceptibility loci (Fisher et al. 2002; Gayan et al. 1999; Grigorenko et al. 1997 Grigorenko et al. , 2003 Wigg et al. 2004; Willcutt et al. 2002) , and was associated with DYX1C1 and KIAA0319 (Lim et al. 2014; Venkatesh et al. 2014) . The heritability of auditory processing in healthy populations was found to be high (Brewer et al. 2016 ) and molecular genetics studies reported significant association with markers located on chromosomes 4 and 12 (Addis et al. 2010) . As the description of familial aggregation of RAN (Raskind et al. 2000) , several studies have reported moderate heritability in subjects with reading disability (Davis et al. 2001; Olson et al. 2013; Willcutt et al. 2010) as well as in typically developing children (Byrne et al. 2005; Petrill et al. 2006) . Molecular genetics studies provided initial evidence about the association between RAN and DD-related susceptibility loci (Grigorenko et al. 2003; Konig et al. 2011; Rubenstein et al. 2014) and DYX1C1 (Wigg et al. 2004) . Initial evidence regarding the heritability of attentional components (i.e. alerting and executive control) in healthy subjects has been presented (Fan et al. 2001; Rueda et al. 2005 ) and a pioneering molecular genetic study pointed to the alerting system as a target phenotype (Rueda et al. 2005) . Intriguingly, a DD genetic risk variant, i.e. a deletion in intron 2 of the DCDC2 gene, is specifically associated with visual motion deficit tapping the M-D stream in both normal readers and subjects with DD (Cicchini et al. 2015; .
Nevertheless, inconsistent results have been provided. For example, two DYX1C1 variants (i.e. -3G/A and 1249 C/T) have been associated with DD and DD-related phenotypes (Marino et al. 2007 (Marino et al. , 2012 Taipale et al. 2003) , although opposite patterns of effects (Bates et al. 2010; Brkanac et al. 2007; Dahdouh et al. 2009; Lim et al. 2011; Paracchini et al. 2011; Scerri et al. 2004; Tran et al. 2013; Wigg et al. 2004 ) and negative findings (Bellini et al. 2005) have also been observed. Similarly, even if some noteworthy genetic variants in KIAA0319 have been identified in both American and UK samples with DD (Cope et al. 2005; Francks et al. 2004; Harold et al. 2006) , the significant associations were not confirmed in independent American and Canadian samples (Brkanac et al. 2007; Couto et al. 2010) . Similarly, a haplotype composed by three single-nucleotide polymorphisms (SNPs) spanning TTRAP, THEM2 and KIAA0319 has been shown to be associated with reading, spelling, orthographic and phonological skills in reading impaired families (Dennis et al. 2009; Francks et al. 2004) , as well as in general population samples (Luciano et al. 2007; Paracchini et al. 2008) , although negative findings have been reported (Cope et al. 2005; Lim et al. 2014) .
Inconsistencies across studies might be explained by several factors. First, DD is etiologically heterogeneous and multiple genes account for DD phenotypic variance (for reviews see Scerri & Schulte-Korne, 2010; Kere 2014; Bishop 2015; Peterson & Pennington 2015; Mascheretti et al. 2017) . It is unlikely that a single model connects all the DD-candidate genes and their corresponding proteins at the molecular level; instead, several etiopathogenetic cascades involved in neuronal migration and neurite outgrowth is perhaps a more comprehensive and plausible model for DD (Poelmans et al. 2011) . Second, the pathways from genes to DD are not straightforward (cf., 'the missing heritability problem') (Maher 2008) , and can be influenced by several events, such as incomplete linkage disequilibrium between causal variants and genotyped SNPs (Yang et al. 2011) , environmental effects, as well as gene-by-gene and gene-by-environment phenomena (Harold et al. 2006; Ludwig et al. 2008; Mascheretti et al. 2013 Mascheretti et al. , 2015 McGrath et al. 2007; Powers et al. 2013 Powers et al. , 2016 . Taking into account these effects has been shown to improve the phenotypic variance explained by etiological risk factors (Plomin 2013) . Third, following a probabilistic and multifactorial etiological model of reading acquisition, the emergence of DD is rooted at multiple levels, and may reflect the global failure of interacting mechanisms, each with degrees of impairment that vary across children (Carroll et al. 2016; Gabrieli 2009; Menghini et al. 2010; Pennington 2006; Peterson & Pennington 2015; Tamboer et al. 2014) . Fourth, DD is phenotypically complex and its behavioral symptoms are hard to study as precise, reproducible and reliable phenotypes. This phenotype bottleneck makes difficult to hunt susceptibility genes and could be one possible reason for heterogeneity and inconsistencies of findings across studies (Arslan 2015) . In this scenario, the identification of what constitutes a phenotype is crucial as the identification of the phenotype itself. Going beyond classical association studies, where heterogeneous patient groups selected by clinical symptoms are included, is crucial to identify reliable biomarkers and to guide the diagnosis of neurodevelopmental disorders (Arslan 2015) .
To reduce the complexity and possibly improving the consistency across studies, an alternative approach to the use of clinical phenotypes, is to focus on more specific, elementary, straightforward measures of functioning, i.e. endophenotypes (EPs), thought to reflect lower-level processes (Braff 2015) . The EPs should be more useful than behavioral 'macros' in pursuing the biological and genetic components of neurodevelopmental disorders (Gottesman & Gould 2003) and might be a more effective approach compared with using clinical phenotypes, leading to better consistencies in genotype-phenotype associations across studies (Flint et al., 2014) . The EPs represent very specialized, relatively straightforward, putatively more elementary compared with the related clinical phenotype, neurophysiological, biochemical, endocrinological, neuroanatomical, cognitive or neuropsychological measures (Gottesman & Gould 2003; Flint & Munafo, 2007) . Although major concerns have been raised about how to interpret the relationship between EPs and psychiatric disorders (Kendler & Neale 2010) , such use of the EPs construct has played a crucial role in advancing our understanding of the gene to phenotype knowledge gap of other neurodevelopmental disorders (e.g. schizophrenia and autism) (Braff 2015) . According to specific criteria, an EP must: (1) be heritable; (2) be associated with the disorder (it is central features of the clinical presentation of the disorder); (3) be independent of the clinical state (it manifests in an individual regardless of the disorder state, i.e. first-episode, chronic and remitted subjects exhibit similar patterns of impairments); (4) be impaired in unaffected family members compared with the general population, i.e. must co-segregate with the disorder within a family and (5) represent reproducible measurements (Glahn et al. 2014; Gottesman & Gould 2003) .
The above-described findings provided initial evidence about a potential role of PA, RAP, RAN, attention and visual motion processing as EPs for DD. Unlike PA and RAN, heritability estimates for RAP, attention and visual motion processing traits in clinical samples have never been provided. Nevertheless, initial evidence about the association between specific genetic loci and candidate genes and RAP, RAN, attention and visual motion processing, has been reported. Thus, it is crucial to show whether these cognitive traits represent viable and valuable EPs for DD. While the EP concept is widely espoused in psychiatric genetics (Gottesman & Gould 2003; Insel & Cuthbert 2009 ), a formal or standardized approach for the identification of EPs is lacking. Most studies employ phenotypic correlations in unrelated individuals between disease risk and a quantitative risk factor to define putative EPs. However, the EP concept fundamentally depends on the existence of joint genetic determination of both EPs and disease risk (Gottesman & Gould 2003) . This obligatory pleiotropy is most efficiently tested using family-based observations (Glahn et al. 2014) .
In this study, we provided the first evidence that by a methodologically and statistically sound approach, EPs for DD can be tested. In particular, our aim was to test whether a set of well-established DD-related cognitive phenotypes fulfilled the above-mentioned criteria of the EP concept. We evaluated RAP, RAN, multisensory nonspatial attention and visual motion processing in a sample of 100 nuclear families with DD (229 offspring) and 83 unrelated typical readers. Within-sibling intraclass correlation coefficients (ICCs) were evaluated to test the first criterion. Although ICC in full siblings' pairs reflects both shared genes and shared environment, two times the value of the siblings' correlation provides an estimate of the heritability when the shared environment is not thought to be important in the within-sibship variability (Cavalli-Sforza & Bodmer 1971; Hong et al. 2006; Pontiroli et al. 2000; Vassos et al. 2008) . Several studies showed that the effect of shared environment in DD is negligible (about 10-15%; e.g. Olson 2002; Willcutt et al. 2010; Olson et al. 2013; Bishop 2015) and accounts for lower phenotypic variance than nonshared environmental influences (about 20-25%; Willcutt et al. 2010) . Therefore, a significant ICC in the context of DD indicates that the observed shifts from the expected phenotype are not random, but rather are closely influenced by the genetic background (Moreno- De-Luca et al. 2015; van der Meulen et al. 2005) . In order to fulfill the fifth criterion of the EP concept, cognitive tasks have been selected according to their use in previous independent studies, reproducibility and reliability (Facoetti 2012; Hamalainen et al. 2013; Norton & Wolf 2012) . Finally, we were not able to assess criterion 3 as it requires longitudinal designs (Glahn et al. 2014) . As a proxy, criterion 3 is satisfied when the trait is impaired in unaffected relatives compared with controls, and when the heritability is high (Glahn et al. 2014 ).
Materials and methods
The protocol was approved by the Scientific Review Board and the Bioethics Committee of the Scientific Institute, IRCCS Eugenio Medea.
Sample
This study is part of an ongoing project on the genetic basis of DD. To date, 493 unrelated Italian nuclear families with DD probands have been recruited . The ascertainment scheme has been reported in detail elsewhere (Marino et al. 2003) . Briefly, after attaining written parental informed consent, nuclear families were recruited if probands met the criteria for DD (American Psychiatric Association 1994). Regardless of their reading performance, siblings were included if they were fully biological, older than 6 and younger than 18 years of age, had no history of neurological or sensorial disorders, and their mean score of vocabulary and block design subtests of the Wechsler Intelligence Scale for Children, Revised (WISC-R) (Wechsler 1981) or the Wechsler Intelligence Scale for Children, third edition (WISC-III) (Wechsler 2006) or the Wechsler Adult Intelligence Scale, Revised (WAIS-R) (Wechsler 1997) was ≥7 (i.e. −1 SD). Following these criteria, 311 siblings were recruited, of which 108 were affected.
The general population sample was selected from a community-based cohort of 819 Italian children in order to investigate the effects of both genetic and environmental risk factors upon behavioral, cognitive and linguistic measures (Riva et al. 2015) . Inclusion criteria were (1) belonging to Caucasian families who were at least first-generation native Italian speakers; (2) having no certified visual, hearing, intellectual or motor disabilities; (3) having written informed consent signed by both parents. Each participant completed 1.5 h of direct cognitive and language testing tasks. At the same time, their caregivers were asked to fill out an ad hoc questionnaire on demographic and environmental data.
For the present study, families were contacted by phone and asked to participate in a new phase assessing intelligent quotient, neuropsychological and cognitive DD-related traits.
Definition of neuropsychological phenotypes
Both offspring belonging to nuclear families with DD and to the general population sample underwent the following assessment: 1) WISC-R (Wechsler 1981) or the WISC-III (Wechsler 2006) or WAIS-R (Wechsler 1997) . Only two subtests of the intelligence scale were administered, vocabulary and block design, which show a high correlation (r) with verbal IQ (r = 0.82 for both WISC-R and WISC-III and r = 0.84 for WAIS-R) and performance IQ (r = 0.73 for both WISC-R and WISC-III and r = 0.66 for WAIS-R) (Wechsler 1981 (Wechsler , 1997 (Wechsler , 2006 , respectively.
2) Reading, as assessed by text (Cornoldi & Colpo 1995 , 1998 , single unrelated words and pseudo-words (Sartori et al. 1995) reading tests. The text reading task assesses the ability to read for meaningful material increasing in complexity according to grade level, and it provides separate scores for speed and accuracy (validity = 0.90); norms are provided for each text (Cornoldi & Colpo 1995 , 1998 . The single words and pseudo-words reading tasks assess speed and accuracy (expressed as the number of errors) in reading word (4 lists of 24 words) and nonword lists (3 lists of 16 pseudo-words), and provide grade level norms from the second to the eighth grade (validity = 0.74, reliability = 0.56 and 0.77 for accuracy and speed, respectively; Sartori et al. 1995) .
Definition of cognitive phenotypes (for further details see Appendix S1) Rapid auditory processing
Temporal order judgment task The RAP was assessed by a temporal order judgment task using two complex tones lasting 40 milliseconds composed of frequencies within the speech range. The two tones differed in the fundamental frequency (A: F0 = 100 Hz for the low tone and B: F0 = 305 Hz for the high one). Stimulus pairs were created by placing the two stimuli into the two combinations possible (AB, BA; chance level = 50%) with five randomly presented different inter-stimulus intervals (ISIs; i.e. 20, 40, 80, 120 and 280 milliseconds) . Children were instructed to indicate the order of the tones after each trial and responses were entered by the experimenter, by pressing the corresponding key on the computer keyboard; no visual feedback on response accuracy was provided. The experimental session consisted of 40 trials (8 trials × 5 ISIs). The dependent variable was the mean among percentage of response accuracy for each ISI. For each subject, we conferred a value to each ISI (i.e. 1 for 'below or equal to the 25th percentile of distribution'; 2 for 'between the 25th and the 75th percentile of distribution'; 3 for 'above or equal to the 75th percentile of distribution') according to the distribution obtained from the total sample.
Rapid automatized naming
Cross-modal mapping from visual stimuli to the correspondent spoken words was measured by using a discrete RAN task, in which a single-filled colored circle was presented (i.e. red, blue, white and green). We used a nonalphanumeric RAN task since previous studies showed that it predicts later reading performance (Lervåg & Hulme 2010; Parrila et al. 2004) without being biased by reading experience (Rakhlin et al., 2013) or early differences in reading ability as for alphanumeric RAN (Bowey 2005) . Each trial started with the onset of the fixation point (500 milliseconds). After a blank of 50 milliseconds, a colored circle (diameter = 4.5 cm) appeared at the center of the screen. The colored circle remained on the screen until the subject responded. The participants' task was to name the familiar colors of the circles as fast as possible. Response's accuracy was entered by the experimenter, by pressing the corresponding key on the computer keyboard; no feedback was provided. Both vocal reaction times (RTs) and error rates were recorded by the computer. The inter-trial interval was 1550 milliseconds. The experimental session consisted of 32 discrete trials divided into two blocks of 16 trials each (4 trials for each color). The dependent variable was the mean time in milliseconds (RAN_rt) for all the correctly named trials. Outliers were defined as RTs longer than 1000 milliseconds and were excluded from the dataset before the analyses were carried out.
Multisensory nonspatial attention
The description has been reported in detail elsewhere Franceschini et al. 2013 ). In the visual orienting attention task, two circles were presented peripherally, one to the left and one to the right of the fixation point. The peripheral cue consisted of the offset (40 milliseconds in duration) and then the onset of one of the circles. A dot (0.5 ∘ ) in the center of one of the two circles was the target stimulus (40 milliseconds in duration). Stimuli were white on a black background and had a luminance of 24 cd/m 2 . In the auditory orienting attention task, the sounds were transmitted through headphones. The auditory cue (40 milliseconds in duration) consisted of a single pure tone of 1000 Hz transmitted to either the left or the right ear. The cue was followed by a target sound (40 milliseconds in duration), which consisted of a single pure tone of 800 Hz presented to the same or the opposite ear. Each trial started with the onset of the fixation point. The display contained the two lateral circles only in the visual orienting attention task. The cue was presented after 500 milliseconds in either the left or the right location (i.e. one of the two lateral circles for visual task or one of the two ears for the auditory task). The cue was followed by the target at one of two cue-target stimulus onset asynchronies (SOAs; 100 or 250 milliseconds). On response trials, the probability that the target would appear in the cued location (cued trial) or in the other location (uncued trial) was 50% (cue location was nonpredictive of target location). In contrast, on catch trials the target was not presented and participants did not have to respond. Catch trials were intermingled with response trials. Participants were instructed to react as quickly as possible to the onset of the visual and the auditory targets by pressing the spacebar on the computer keyboard. Both RTs and error rates were recorded by the computer. The maximum time allowed to respond was 1500 milliseconds. The intertrial interval was 1000 milliseconds. The experimental session consisted of 160 trials divided into two blocks of 80 trials each. Outliers were defined as RTs faster than 150 milliseconds or more than 1500 milliseconds and were excluded from the data before the analyses were carried out. A mean composite score between mean correct detection RTs at each SOA in the visual and in the auditory attention tasks was created. The cue-target interval was manipulated in order to measure the warning effect (WE, i.e. the difference between the RTs of the multisensory mean correct detection at 250 milliseconds SOA vs. 100 milliseconds SOA; Facoetti et al. 2010; Franceschini et al. 2013) .
Visual motion processing
The rotating-tilted-lines illusion
The description has been reported in detail elsewhere (Gori & Hamburger 2006; Gori et al. , 2016a . Briefly, the stimuli consisted of videos where the rotating-tilted-lines illusion (RTLI) at a given contrast contracted and expanded continuously varying in diameter from 12.7 ∘ to 14.6 ∘ with a speed of 5.33 mm/second. Eleven Michelson contrast values were used (with a 1% step between each other), ranging from 0 to 10% between RTLI and the background. During the experiment, the subjects performed two tasks in the presence of the same stimuli: a detection task and an illusory effect task. In each detection task trial, the participants were required to report whether the circle of lines was present or not. Each video was presented five times in random order. The aim was to obtain a contrast detection threshold under the same conditions as the illusory effect task. In each illusory effect task trial, the subjects were asked to report whether rotation was perceived or not. The participants viewed the stimuli binocularly without time constraints. Each video was presented five times in random order. The individual curves, representing performance in the illusory effect task, in which the observers had to report whether rotation was perceived, were fitted by a logistic function for each group. The upper bound was set at 1, and the lower bound at y 0 = 0, where y = 0 means that the illusory rotation was never perceived, and y = 1 that it was always perceived. The free parameters of the function b (the function slope; RTLI_b) and t (the 50% threshold; RTLI_t) were submitted to the analyses. The resulting logistic function (Gori et al., 2008 Giora & Gori, 2010; Gori & Spillmann, 2010; Ronconi et al., 2012) is as follows:
In this equation, x represents the percentage of contrast increment between the RTLI and the background, and y is the relative response frequency.
Statistical analysis
To test criterion 1 (i.e. to be heritable), within-sibling ICCs were computed using the familial correlation (FCOR) program in SAGE (Statistical Analysis for Genetic Epidemiology; http://darwin.cwru.edu/sage/).
With the general linear model equation, we tested criteria 2 (to be associated with the disorder) and 4 (to be impaired in family members compared with the general population) by analyzing the diagnostic status effect (the independent variable) upon cognitive outcomes (the dependent variables). In particular, we compared subjects with DD, both probands and siblings vs. unrelated typical readers belonging to general population (criterion 2) and unaffected siblings vs. unrelated typical readers (criterion 4). Since unrelated typical readers differed significantly from both subjects with DD and unaffected siblings in age (t = 4.23, df = 199.90, P < 0.001 and t = 6.03, df = 128.38, P < 0.001, respectively; Table S2 ) and socio-economic status (SES; t = −7.24, df = 185.43, P < 0.001 and t = −4.43, df = 143.56, P < 0.001, respectively; Table S2), these two variables were entered as covariates in the analyses. The cognitive outcome (y) is then modeled as follows:
where, 0 is the intercept, 1 is the group-specific effect (criterion 2: subjects with DD vs. unrelated typical readers, and criterion 4: unaffected siblings vs. unrelated typical readers), 2 and 3 are the estimated effects of age and SES, respectively, for subject i and is the residual term. Based on our hypothesis, and given the low correlation among the outcome traits (Table S1) , cognitive outcomes were analyzed with five separate equations.
Results
A subsample of 100 nuclear families with DD (229 offspring) and a subsample of the 83 unrelated typical readers participated in this new phase of the study, respectively, drawn from the total nuclear families with DD and general population samples (see 'Materials and methods' section, 'Sample' paragraph). The siblings formed a total of 168 sibling pairs. Among the sibships, 78 had 2 members (forming 1 pair per sibship), 17 had 3 members (3 pairs per sibship), 4 had 4 members (6 pairs per sibship) and 1 had 6 members (15 pairs per sibship). Among offspring, 50 siblings (38.8%) met the diagnostic criteria of DD. Table S2 shows the descriptive statistics of demographic, neuropsychological and cognitive measures of the participants.
Criterion 1: to be heritable
Within-sibling ICCs were run to test the genetic contribution to the trait. Since probands and siblings differed in age (t = −3.87, df = 225.22, P < 0.001; Table S2 ), we used a standard linear regression model to adjust the effects of age on the traits before the analysis. RTLI_t (ICC = 0.214, SE = 0.101, P = 0.04), RTLI_b (ICC = 0.209, SE = 0.101, P = 0.04), RAP (ICC = 0.329, SE = 0.097, P < 0.01) and RAN (ICC = 0.198, SE = 0.090, P = 0.03) showed significant correlation within pairs (Table 1 ). The heritability estimates for these cognitive traits were 0.42, 0.43, 0.66 and 0.40, respectively.
Criterion 2: to be associated with the disorder
To test if the cognitive phenotypes were associated with DD, we compared subjects with DD vs. unrelated typical readers belonging to general population. Significant group effect was found for WE (F 1,220 = 7.78, P = 0.01), RAP (F 1,197 = 20.79, P < 0.001), RTLI_t (F 1,163 = 6.85, P = 0.01) and RTLI_b (F 1,163 = 23.23, P < 0.001). Subjects with DD were impaired in WE and RAP, manifested different illusory perception as a function of the contrast and needed nearly double the contrast compared with typical readers to process the illusion (threshold's mean ratio = 4.18/2.39 = 1.75) (Table S3) .
Criterion 3: to be independent of the clinical state
We did not assess criterion 3, as it requires a longitudinal design (Glahn et al. 2014) . As a proxy, criterion 3 is satisfied when the trait is impaired in unaffected relatives compared with typical readers (see criterion 4), and when the heritability is moderate to high (see criterion 1) (Glahn et al. 2014) .
Criterion 4: to be impaired in unaffected family members compared with the general population
To test whether family members who do not meet diagnostic criteria show impairment relative to the general population, we compared unaffected siblings vs. unrelated typical readers belonging to general population. Significant group effect was found for RTLI_t (F 1,197 = 9.48, P < 0.01), RTLI_b (F 1,197 = 9.64, P < 0.01) and RAP (F 1,145 = 4.27, P = 0.04). Unaffected siblings showed a different illusory perception as a function of the contrast, needed one and a half times of the contrast to perceive the illusion (threshold's mean ratio = 3.55/2.39 = 1.49) and were impaired in RAP compared with typical readers (Table S4 ).
Finally, we tested whether there were significant group differences between children with DD, unaffected siblings Endophenotypes of developmental dyslexia and typical readers. Interestingly, results showed significant group effects for illusory perception (i.e. RTLI_t and RTLI_b), RAP and WE (F 2,221 = 4.70, P = 0.01; F 2,221 = 12.74, P < 0.001; F 2,271 = 9.80, P < 0.001 and F 2,298 = 3.61, P = 0.03, respectively; Fig. 1 ). Post-hoc comparisons (with Fisher's Least Significant Difference correction) showed that both children with DD and unaffected siblings showed statistically significant differences in illusory perception as a function of the contrast (i.e. RTLI_b) and in the needed contrast to perceive the illusion (i.e. RTLI_t) as well as were impaired in RAP and WE compared with typical readers (children with DD vs. typical readers: P < 0.01, P < 0.001, P < 0.001 and P = 0.01, respectively; unaffected siblings vs. typical readers: P < 0.01, P = 0.01, P = 0.02 and P = 0.04, respectively; Table  S5 ). Except for RAP (P = 0.05), unaffected siblings did not differ significantly from children with DD in illusory perception and in WE (RTLI_t: P = 0.84, RTLI_b: P = 0.27 and WE: P = 0.81; Table S5 ).
Discussion
Our data indicate that visual motion processing and RAP fulfill all the EP criteria ( Table 2 ), suggesting that these neurocognitive processes are solid EPs of DD. Following the EP construct, both RAP and visual motion processing should be considered as genetically correlated to DD, lying along the pathway from genes to DD. These findings are also consistent with a rich literature supporting both RAP and visual motion processing as core features of DD rather than epiphenomena or secondary to DD, both associated to and predictive of DD (Gur et al. 2007; Hutchinson et al. 2013; Miller & Rockstroh 2013) . In the present study, we provided the first methodologically and statistically sound evidence rooted in family-based observations about their familial aggregation, association with the disorder and co-segregation with DD within families. Both visual motion processing and RAP are moderately heritable (criterion 1), and this fits with previous data showing both FCOR and heritability for these traits (Brewer et al. 2016) , and genetic associations with DD-candidate loci/genes (Addis et al. 2010; Cicchini et al. 2015; Roeske et al. 2011) . Consistent with previous data Hamalainen et al. 2013; Stein 2014) , affected individuals perform worse than typical readers (criterion 2) on these traits. Moreover, our data show that biological unaffected siblings perform worse than typical readers and not significantly different from their affected siblings (criterion 4; Table S5 ). According to the multiple deficits model for which there are four levels of analysis in complex disorders, i.e. etiologic, neural, cognitive and clinical symptoms (Pennington 2006) , these findings suggest that siblings' shared family-genetic vulnerability might be at the cognitive rather than clinical level, and that divergence in the clinical phenotype might depend on some unshared protective factors. Further, our data are consistent with findings showing RAP deficits in the first year of life of at-risk siblings (Molfese 2000; Leppanen et al., 2010; van der Leij et al. 2013) , supporting RAP deficiency as an early, stable indicator of heritable vulnerability. In addition, our findings are consistent with the multiple causal links between M-D pathway deficit and DD recently showed by Gori et al. (2016a,b) , in which both longitudinal and training studies have showed that M-D pathway functioning is causally related with reading abilities (see also Lawton 2016) . Our findings also show that multisensory nonspatial attention satisfies three of four testable criteria (Table 2) , suggesting a potential role as a reliable EP. As for visual motion processing and RAP, deficits in multisensory nonspatial attention have long been considered core features and predictors of the clinical presentation of DD. Here, we reliably yielded support about its association and co-segregation with DD within families. Impairments in multisensory nonspatial attention are specifically associated with the disorder (criterion 2) and are found also in biological unaffected siblings (criterion 4; Table S5 ). These findings are consistent with the multisensory SAS hypothesis (Hari & Renvall 2001) , according to which impairment in rapidly engaging attention represents a core deficit in DD and one of the most important predictors of reading (dis)abilities (Franceschini et al. , 2013 (Franceschini et al. , 2015 Gori et al., 2016a,b) .
Moreover, our data show that RAN satisfies two of four testable criteria (Table 2) , suggesting weak evidence for EP. In particular, RAN shows moderate heritability (criterion 1). This could be ascribed to the size of stimuli we used in the present study, i.e. a discrete-trial naming test. Although previous studies reported deficits in both discrete and serial naming trials, Age and SES are included as covariates. Aff, subjects with DD; UnAffSibs, unaffected siblings; TR, typical readers. * Two-tailed significant P-value < 0.05; ** two-tailed significant P-value < 0.001. data suggest serial-trial naming is a stronger predictor of reading than discrete-trial naming (Gasperini et al. 2014; Georgiou et al. 2013; Zoccolotti et al. 2013) . Previous genetic studies reported moderate heritability (Byrne et al. 2005; Davis et al. 2001; Petrill et al. 2006) and genetic associations between serial naming and DD-related susceptibility loci/genes (Grigorenko et al. 2003; Konig et al. 2011; Rubenstein et al. 2014; Wigg et al. 2004) . Our finding suggests therefore that RAN seems to represent a less reliable EP of DD and should therefore be used with caution in molecular genetic studies.
By establishing the existence of solid and valuable EPs in DD, our study paves the way to alternative approaches to studying the genetic bases of DD. Using EP as targets in genetic association studies should contribute to a better understanding of genotype-phenotype correlations, the pathways between genes and DD, and possibly to improve consistencies of findings across studies.
Some limitations need to be addressed. First, although ICC is a reliable measure of heritability in the presence of negligible shared environmental effects (Moreno-De-Luca et al. 2015; van der Meulen et al. 2005; Vassos et al. 2008) , as it is the case for DD, in the future twin studies should be performed to better refine our findings. Second, other relevant DD-related cognitive traits (e.g. visual attention span, linguistic skills, serial naming) should be tested as putative EPs. New independent studies are therefore needed to replicate these findings and to test whether other cognitive phenotypes fulfill the criteria of the EP concept. Third, longitudinal studies should be implemented in order to test if these cognitive traits are independent of the clinical state (criterion 3).
New studies aimed at understanding the function of neuronal migration genes and their relationships with cognitive developmental vulnerability and neuroanatomical phenotypes must gain momentum and be of the utmost importance for future research (Yamasue 2015) . As an EP provides a critically important end-point for bridging the gap between gene and behavior, EP-based genomic and behavioral knowledge and interventions are ultimately needed in order to advance our understanding of DD and designing its treatment (Braff 2015 
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